UNCLASSIFIED

AD NUMBER

AD869823

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors; Critical Technol ogy; MAR
1970. Ot her requests shall be referred to U. S
Arny Aviation Materiel Laboratories, Fort
Eustis, VA 23604. This docunent contains
export-controll ed techni cal data.

AUTHORITY
USAAMRDL |tr, 18 Jun 1971

THISPAGE ISUNCLASSIFIED




AD N0, ——

USAAVLABS TECHNICAL REPORT 702 7

/L /
INVESTIGATION GF HELICOPTER CONTROL lﬂlBSb

INDUCED BY STALL FLUTTER

Yo

By
P. J. Arcidiacono
F. 0. Carta
L. M. Casellini
H L Elman

March 1870 / /),,/
U. S. ARMY AVIATION MATERIEL LABORATORIES

FORT EUSTIS, VIRGINIA

CONTRACT DAAJO2-68-C-0048
SIKORSKY AIRCRAFT
DIVISION OF UNITED AIRCRAFT CORPORATION
STRATFORD, CONNECTICUT

This document is subject to

export controll. and each t.a
to f cign go nments or fore
at

pri ooooooooo 1 of US Army A
Materiel Laboratories
Yir

als maybeml only

. Fort Euﬂiu,
ginia 23604




Z @
ot

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.




Disciaimers

The findings in this report are not to be construed as an official Depart-
ment of the Army position uniess so designated by other authorizen
documents.

When Government drawings, specifications, or other data are used for
any purpose other than in connection with a definitely related Govern-
ment procurement operation, the United States Government thereby
incurs no responsibility nor any cbligation whatsoever; and the fact that
the Goevernment may have formui “ted, furnished, or in any way supplied
the said drawings, specifications, or other data is not to be regarded by
implication or otherwise as in any manner licensing the holder or any
other person or corporation, or conveying any rights or permission, to
manufacture, use, or sell any patented invention that may in any way be
related thereto.

Disposition Instructions

Destroy this report when no longer needed. Do not r2turn it to the
originator.

-
-

PR L A A A P




N

DEPARTMENT OF THE ARMY

US ARMY AVIATION MATERIEL LABORATORES
FORT EUSTIS. VIRGIMA 23804

This repor! has been reviewed by the U. S. Army Aviation Materiel
Laboratories. It is considered that limitations in availability of
oscillating airfoil properties and certain linearizations limit the
immediate application of this analysis. Nonetheless, it is believed
that this work offers a significant contribution toward the develop-
ment of a more comprehensive analysis as pertinent factors become
available,

The report is published for the dissemination of information and the
stimulation of thought,




r‘:hn;‘W%
B

T T ———

Task 1F162204A1k604 e
Contract DAAJ02-63-C-0048 ~ *
USAAVLABS Techunical Report T0-2

March 1970

INVESTIGATION OF HELICOPTER CONTROL LOADS

INDUCED BY STALL FLUTTER

Final Report

By

P, J. Arcidiacono
F. 0. Carta

L. M. Casellini
H. L. Elman

Prepared By

Sikorsky Aircraft
Division of United Aircraft Corporation
Stratford, Connecticut

for

U. S. ARMY AVIATION MATERIEL LABORATORIES
FORT EUSTIS, VIRGINIA

This docurnent is subject to special export controls,
and each transmittal to foreign governments or foreign

yehe

nationals may be made only with prior approval of U, S, Army
Aviation Materiel Laboratories, Fort Eustis, Virginia 23604,




ABSTRACT

An analytical study was conducted to determine if available unsteady
normal force and moment aerodynamic test data could be used in c¢cmjunction
with existing helicopter rotor aeroelastic and variable inflow analyses to
provide a method for predicting the stall flutter response of a helicopter
rotor blade. For this purpose, incompressible unsteady aerodynamic data
for an NACA 0012 airfoil executing pure sinusoidal pitching motions were
employed, To apply such data under rotor blade operating conditions where
multiharmonic motions and velocity variations exist, the data were expressed
as functions of instantaneous section angle of attack, angular velocity,
and angular acceleration. In addition, scaling procedures were developed
in an attempt to account for the effects of compressibility. e

Limited application of the resulting analysis to define the aercelastic
characteristics of several blade designs showed that significant self-
excited torsional oscillations of the stall flutter type could, in fact,
be predicted for certain combinations of flight conditions and blade
designs. Correlationstudies, toevaluate the ability of the analysis to predict
control loads, were performed with CH-53A maneuvering flight test data and
with level flight test data from the NH-3A (S-61F).' Although the analyses
produced s:1f-excited stall flutter oscillations, the \legree of correla-
tion indicates the need for further development. In level flight, the
.oscillations occurred only at rotor thrusts in excess of those observed
in flight tests. Oscillations were predicted during certain maneuvers
with good agreement with the persistence of stall flutter and the azimuthal
onget of the oscillation. Aicthough essential to the prediction of stall
flutter, unsteady aerodynamics are shown to result in a degradation of
blade bending stress prediction, which appears to be a significant factor
affecting control load correlation.

It is recommended that studies be undertaken to investigate the
validity of a basic assumption of this analysis; namely, that unsteady aero-
dynamic cheracteristics of an airfoil subjected to a nonsinusoidal angle
of attack variation into stall can be synthesized from unsteady data
obtained for sinusoidal motions. In addition, attempts should be made to
improve the accuracy of the analytical method described in this report
through possible semiempirical modifications to the unsteady data and
scaling techniques as well as possible relinements to rotor trimming
and inflow modeling procedures.
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ITHTRODUCTION

The subject investigation was conducted jointly by Sikorsky Aircraft
and United Aircraft Research Laboratories under U, S. Army Aviation Materiel
Laboratories Contract DAAJO2-68-C-0048. The objective wvas to determine
vhether existing unsteady aerodynamic test data and rotor seroelastic
analyses can accurately predict stail-flutter-induced control loads.

The maximum speed of helicopterz is currently iimited by the
occurrence of stsll on the retreating blades of the rotor. Such stall
manifests itself in a performance degradation and, more importantly, in an
increage in the vibratory loads generated by the rotor. In particular, the
buildup in control system loads as steady-state stall angles are exceeded
on the rotor appears to be critical and is believed to be directly associ-
ated vith the occurrence of stall flutter of the blades {see, for exsmpie,
References 1 through 4). Stall flutter is defined as a self-excited,
single-degree-of-freedom tersioual oscillation of an elastic blade which
can occur vhen the blade is operated at angles above stall. Such oscille-
tions impose large moments on the rotor control system and are often the
determining factor in limiting the maximm speed of a helicopter.

It is nov w21l establizhed that ciassical rotor theories are incap-
able of predicting overall rotor performance characteristics in stall
{References 5 through 9), let alone the details of rotor loeding required
for the accurate definiticno of critical vibratory lcads. Such theories
generally assume that two-dimensional, steady-state airfoil data are
applicable and, further, that the inflow velocities induced at the rotor .
blades by the vortex system (or wake) of the rotor are constant with respect
to both time and space. In an attempt to provide a more suitable analysis
for predicting self-excited control system loads, available two-dimensional
unsteady airfoil data have been integrated into an existing aeroelastic
variable inflow analysis for rotors. This modified analysis will hereafter
be referred to as the Modified UAC Rctor Analysis. The unsteady data
originally considered for this purpose were those presented in References 10
and 11 for airfoils executing pure sinusoidal pitching motion (i.e., motion
having but one harmonic or frequency ccmponent). However, as discussed in
this rerort, only the data for Reference 10 were ultimately used to obtain
the results presented. Since rotor blades do not execute pure sinusoidal
motion as they penetrate the stall regime, a unique feature of this investi-
gation was the conversion of the available sinusoidal results to a more
general form in which the local section normal force and moment are ex-
pressed in terms of instantaneous section angle of attack, angular velocity,
angular acceleration, and Mach number. A conversion of this type, or its
equivalent, is required before section fcrces and moments associated with
typical rotor blade angle of attack variations can be ccmputq.d in &
raticnal manner.

The portion of the study conducted by the Research Laboratories had
&8 its prinecipal objectives: (1) the generalization of the available
sinusoidal unsteady data to tie form described above, (2) the integration
of the generalized data into the existing rotor analysis, and (3) the

i




applicaticn of the resulting analysis to investigate the effect of certain
blede design and operating conditions on blade stall flutter character-
istics. In addition, since there was some evidence that sustained stall
flutter could be encountered in certain aircraft maneuvers, & final objec-
tive of the Research Laboratories efforts involved the modification of the
existing rotor analysis to include the effect of prescribed fuselage motions
on blade aerodynamic and dynamic forces.

Sikorsky Aircraft conducted a correlation study which hed as its
objective the determination of the accuracy of the analyses developed.
The correlation study included comparison of analysis with NH-3A (S-61F)
level flight and CH-53A maneuvering flight test data. CH-53A correlation
used a constant inflow model, waile both constant and variable inflow are
used in the NH-3A analysis. In an attempt to account for rotor-wing
interference, a semiempiricsl modification to the Rli-3A inflow model was
included. Further studies of the mechanism of stall flutter were initiated
because of instability in regions of the rotor disc where the blades
appear to be frae from stall.




METHOD OF ANALYSIS

The results presented in this report were cbtained using the Modified
UAC Rotor Analysis. This section of the report describes the technical
Teatures of the analysis, indicates the nature of the modifications made
as part of the present investigation, and summarizes the assumptions made.

MODIFIED UAC ROTOR ANALYSIS

A simplified block diagram of the Modified UAC Rotor Analysis is shown
-in Figure 1. As indicated, there cre two principal parts to the overzll
analysis. The first is the Blade Response Program, where the motlions of
the rotor blade are computed for z given combination of blade control
angies, fuselage motions, and distribution of induced velocity over the
rotor disc. The second part, namely, the Circulation Program, is used to
compute the velocities (rotor inflow) induced at the rotor by its vortex
system (rotor wake). Because of the complexity of the rotor aerocelastic
problem, it is necessary to perform an iteration, using the programs as
shown, to insure that the input and output quantities of each are reasonably
self-consistent. The principal modifications to the basic analysis
incorporated as part of this study (indicated in Figure 1 by the dashed
arrows ) include (1) use of unsteady, two-dimensional normal force and
pitching moment aerodynamic coefficients in certain blade section opera-
ting regimes and (2) modification of the blade equations of motion to
include aerodynamic and dynamic forces associated with prescribved time
histories of fuselage motion and blade control angles. A more detailed
description of the two individual programs is pr.sented below.

Blade Response Program

This program detzrmines the fully coupled response of a flexible
rotating blade, given the distribution of induced velocities over the disc,
the blade control angles, and the fuselage motions. The blade deflection
is expanded in terms of its uncoupled natural vibratory modes (normal
modes); The normal mode technique is widely used to solve aerocelastic
problems (see, for example, ReTerence 12, p. 125) and facilitates the
numerical integration of the blade equations of motion through eliminsation
of dynamic coupling terms. In this investigation, the blade recporse is
assumed Jo be composed of a rigid-body flapping mode, three elastic fTiatwize
modes, a rigid-body lagging mode, two elastic edgewise modes, and two
elastic torsional modes. The basic differential equations of motion
governing the response of each of the blade modes are given in Reference 13
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for roter blades having chordwise mass unbalance and operating in steady,
level flight. The dynamic and acrodynamic terms associated with accelerated
f:4eht of the aircraft are given in Reference 1l for mass balanced blades.
For this investigation, these terms vere added directly to the equations of
motion of Reference 13. (This, in effect, assumes that terms involving
cross products of the nondimensional fuselage accelerations and the chord-
wise distance between the center of gravity and elastic axes are of second
order and can be neglected.) For convenience, the specific modificatiomns
tc the important equations of Reference 13 are given in Appendix I.

The aerodynamic model used in the analyses of References 13 and 1k was
based on the use of steady-state, two-dimensional airfoil data. In
accardance with quasi-steady theory (Reference 12, p. 279), (1) the local
section angle of attack was defined by the velocity components at its
three-quarer ~hord point and (2) the theoretic~l damping moment ir pitch
vag included. In defining the local angle of attack, the inflow at the
rotor induced by the vortex systes represening the rotor vake was included
using an analysis similar to that of Reference 15. Before this basic type
of analysis could be applied to the stall flutter problem, it was necessary
to incorporate a better representation of the effects of the shed wake
varticity (veke vorticity arising from timevise variation of blade bound
vorticity) at all angles of attack, particularly those above steady-¢tate
stall. To accomplish this, an attempt vas made to replace, vhere possible,
steady-state airfoil data by unsteady data. The latter were derived from
available data for & two-dimensional airfoil executing forced, pure
sinusoidal pitching motion and operating at a constant air velocity (here-
after referred to as sinusoidal data). Under such conditions, the reduced
frequency parameter k =cw/2U 1is constant with time. Corversely, typical
rotor blade section operating conditions involve variations in k due to
changes in both the velocit; of the section U and the effective frequency
of the motion w that occur as the blade rotates. A rigorous method for
applying sinusoidal data, particularly above stail, has not been
established. In this investigation. it has been hypothesized that the
sinusoidal data could be generalized, through cross plots, to functions cf
section instantanecus angle of attack, angular veloecity, sngular
acceleration, and Mach number. Given the local values of these parameters
for cach section, the unsteady 1ift and moment of each section can be

computed.

As originally envisioned, unsteady normal force and momert data from
References 10 and 11 for the NACA 0012 airfoil were to be generalized to
functions of the parameters noted above, with the Mach number range covered
extending up to 0.6. However, it was found that the test matrix employed
in Reference 1l was not sufficiently complete t)> permit conversion of the
data by the process described in Appendix II. 'therefore, an attempt was
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made to scale the incampressible data »f Refereace 10 to approximate
compressibility effects. The scslirg relations that wvere ewpioyed
basically aszume that the retio of actual angle of attack to ztesdy-state
stall angle is the critical perameter that must be duplicated. This is
discussed in more detail ir a later s2cifon. Provision vas made in the
program for investigating the sensitivity of the results to certain of the
parameters introduced by the scaling procedures, in particular the Mach
number range over which the incompressible urnsteady data are scale?. The
results of the sensitivity studies are also discussed in a Jiater section.
Conventional, steady-state 1lifi and moment data for the NACA 0012 airfoil
section ve v used for those combinations of angle of attack =nd Mach number
for vhich either unsteady data vere not avallable or the scaling procedures
vere suspect. Thus, for example, steady-state data were used for reverse
£1low operating conditions because appiicable unsteady data were not
available. Also, because of the «ffect of Mach number on airroil stall
characteristics, use of scaled, incompressible unsteady data at coaditioms
involving Mach mumbers above 0.5 and angles of attack above steady-state
stall was rot considered valid. Finally, steady-state drag data vere used
throughout the program. Further Jjiscussion of the treatment of the unsteadr
data 18 given in the section of the report entitled UNSTEADY AIRFOIL DATA.

The modified modal equations are nonlinear and are solved using a
numericel integration technigue to permit realistic ccupling between the
eirloads and the blade response. The procedure thus has the capability of
analyzing transient as well as forced-response motions. The calcuiation
generally proceeds by alternately computing the modal accelerations (frcm
the generalized forces exciting each mode) at a given blade azimuth angle
¥ and numerically integrating these accelerations over a small azimuth
increment Ay to determine the modal displacements and velocities at the
next blade azinuth (¢ +Ay ). To avoid possible mathematical convergence
problems with such a procedure, it is necessary that (1) Ay be small and
{2) the accelerations of a given mode not be expressed in terms of the
acceleratior of any other mode. These requirements present no difficulty
with a normal mode type of analysis when the rotor is in steady flight ard
whe: conventional, steady aerodyneiiic characteristics are use. to define
blade airloads. When accelerated flight is considered in conjunction with
the particular unsteady ,herodynamic formulation of section normal force and
moment discussed previously, the generalized force exciting each mode
becomes a function of the various modal accelerations as well as a function
of the fuselage ac:elerations. In deterrining the results presented, it
was assumed that (1) the fuselage accelerations were prescribed in advance
(e.g., from flight test results) and, initially, (2) the blade section
angular acceleration parameter B used in part to define the unsteady aero-
dynamic coefficients could ve determined from numerical differentiation of




the previously generated local angle of attack time history. The former
assumption is believed to be justified because of thz relatively low
frequency of the fuselage compared to that of the blades. The latter
assumption implies that the cazlculated value of B will lag the true value.
The results of initial calculetions indicated that significant veiues of B
vere generated only vher a high-frejuency, stall flutter type of torsional
oscillation occurred. This suggested the possibility of approximating B8
by the expression

s (&TF - T (R 3+ ) = Gk

vhere the second portion of this expression is the component representation -
of total section angular acceleration. This apprecach, which permitted the
azimuthal lag in B to be reduced to the order Ay (approximately 3 deg),

vas used in obtaining the resaits presented herein. (Further details on

the concept of the angular acceleration parameter will be presented in the
next section of this report.)

Pertinent output from the Blade Response Program for this study
consisted primarily of integrated rotor loads (thrust, pulsive force,
etc.), time histories of section operating conditions (@ ,A,B ), section
aerodynamic coefficients (Chc'“cn ,Cg ), blade elastic response, and
pitching moment at the blade root (i.e., pitching moment imposed on the
control system’.

Circulation Program

The function of this program is to compute the circulation distribution
over the rotor, given the distributions of section angle of attack a ,
angular velocity parasmeter A , and angular acceleration parameter B over the
blade, as vwell as a specified geomet.y +f the rotor wake. For this study,
the wake was gpproximated by the classical skewed helicoid defined when the
vortex elements generated .. the blade are convected downstream relative to
the blade at a resultant ve.ocity equal to the vector sum of the blade
rotational velocity, rotor forward velocity, and average momentum velocity
through the disc. Once the circulation distribution is known, the inflow
velocities induced at the blade by the btound and wake vorticity of the
rotor can be computed. An iteration between the Circulation and Blade
Response Programs is then used to assure compatibility of the inflow
velocities and the blade aerodynamic and dynamic boundary ccnditions (see,
for example, Figure 1).




The technical approach used in the Circulatior Program is basically
similar to tnat described in Reference 15 and generally represents a
rotary-wing equivalent of the classical lifting-line arproach used success-
fully for fixed vwings. There are, however, some differences between the
UAC Circulation Program and that described in Reference 15. These are
discussed belov.

The first of these differences iz the elimination of all shed vorticity
elements (elements arising fram variations of blade bound vorticity with
time) ir the vake model, a modification that contributed substantially to
reducing computing time without significantly altering computed circulatiocis
and associated inflow velocities. Thias, the orly vortex elements retained
in the vake arc tralling elements; i.e., those arising from spanwise
variations in bound circulation. As in Reference 15, the strengtn of the
trailing elements is permitted to vary from point to point in the vake to
reflect the variation in bound circulation that occurs as the tlade rotates.
It is believed that a more accurate representation of shed vorticity effects
is obtained by the previously mentioned use of unsteady airfoil data in the
Blaje Response Program. The use of two-dimensional, unsteady dats basically
implies that the primary effects of the shed vorticity in a helical rotor
vake are due to the wake region pear the blade and thus can be approximated
by those in a fixed-wing type of wake, as indicated in Figure 2. Miller,
in Reference 16, shows that this approximstion is reasonakle st rotor
advance ratios u of interest tc this study. This type of approach greatly
facilitates the inclusion of noniinear, unsteady aerodynamic effects due
to stall.

Another significant difference between the UAC Circulation Progrem and
that of Reference 15 lies in the treatment of unsteady effects on lift
curve slope 0, angle for zero lift @5 , and stall angle Qmge, - In
Reference 15, steady-state values were used for these quantities. In the
present study, 0, @g_, and @p,,,, Were considered to be functions of the
section angular velocity and angular acceleration parameters as well as
Mach number. As in Reference 15, the local bound circulation is assumed to
be proportioral to section angle of attack (measured from the zero lift
angle) until Qmgx,y 1S reached, fcllowing which no further increase in
circulation is permitted. To determirie the fur~tional relationships
involved, the normal force data of Reference 10 (also presented in Table I)
were plotted and approximated as in Figure 3. The results cre shown in
Figure 4 for incompressible flow, and the effect of Mach number on these
results ves approximated by using the following equations:
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These equations state that (1) the angle for zero lift is independent of
Mach ntwber, (2) the variation of unsteady lift curve slope in potential
flow with Mach number 17llows the Prandtl-Glauert relatior, and (3) the
unsteady stall angle of attack &t any Mach numde: can be determined from
the sssumption that the variation in maximum unsteady 1ift ccefficient with
Mach number follows the same variation as the maximm steady-state lift
coefficient.

Finally, provision has been made in the UAC Circulation Program to
eliminate unrealistically large induced velocities which would otherwise
be computed if the 1ifting line representing the blade section was very
near a vortex element. This was formally accampliished by setting such
velocities to zero whenever the distance between any blade section and
vortex element was less than a prescribed distance assumed to be equal to
the vortex core radius. This distance was selected as 0.02R, a value
believed to be representative.

It iz recognized that factors such as self-induced rotor wake distor-

tions (Reference 1T) and finite blade chord effects have been neglected.
Their inclusion, however, was beyond the scope of this investigation.

SUMMARY OF ASSUMPTIONS

Since major portions of the Modified UAC Rotor Analysis used in the
performance of this study are documented elsewhere in the literature
(References 13 through 15), the principal assumptions discussed herein and
in those references are summarized below for the convenience of the reader.
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10.

11.

Tte aircraft is in steady, ievel flight or in accelerated flight
vhere the fuselage velocities and accelerations are prescribed.
The rotor rotational velocity is constant.

Two-dimensional unsteady aormal force and moment data obtained
for an airfoil executing forced sinusoidal pitch oscillations
under constant velocity conditions can be applied under rotor
blade operating conditions involving velocivy varistions and
multiharmonic angle of attack variations. It is assumed that
this application can be accomplished by generalizing the basic
data to functions of section angle of attack, angular velocity,
and anguiar acceleration.

The effects of compressibility on unsteady airfoil characteris-
tics can be approximated by scaling the generalized incompressible
unsteady data using scaling procedures that generally predict

the effect of campressibility on steady-state airfoil character-
istics. -

Quasi-steady, two-dimensional aerodynamic theory is applicable
for those blade sections operating at conditions of high Mach
number and high angle of attack or in reversed flow.

Section drag coefficients are given by steady-state values.

The velocities induced at the rotcr by the vortex system
represerting the rotor wake can be computed using e lifting-line
type of analysis in which wake distortions are meglected.

The blade has an elastic axis so that blade deflections can be
considered as the superposition of twe orthogonal translstions
of this axis and a rotatiorn abcut it.

Priccipal blade fiexibility effects can be accounted for by

considering only three flatwise, two edgewise, and two torsiomal
vibratory modes.

Blade flap and lag hinges are coincident for articulated rotors.

The local center of gravity is assumed to lie on the major
principal axis of the section.

The blade is linearly twisted along its span.




13.

The following quantities can be assumed to be rmall in comparison
to unity:

a. Flap and lead angles (in radians) and their derivatives

b. Ratios of elastic defiections to rotor radius and their
derivatives

c. Ratios of chordwise distances (i.e., chord, center-of-gravity
offset, etc.) to rotor radius

d. Builit-in twist (in radians}

e. Ratio of flap-lag hinge radial distance from center of
rotation to rotor radius

f. Froude number (g/.Q.zR )
g. Ratios of blade thickness dimensions to chord

h; Ratios of fuselage angular velocities to rotor angular
velocity; ratios of fuselage angular accelerations to
square of rotor angular velocity.

On the basis of Assumptions 11 and 12, the foilowing types of
terms in the equations noted can be neglected ac higher order:

a. Flatwise and edgewise bending equations:

(1) Second-order products involving elastic coordinates,
fuselage angular velocities, fuselage accelerzations,
and distance between blade elastic axis and center-
of-gravity axis.

(2) Third-order products involving elastic coordinates,
chordwise distances, flap angle, lead angle, built-in
twist, and flap-lag hinge offset.

b. Torsional equation:

(1) Third-order products involving elastic coordinates,
fuselage angular velocities, fuselage accelerations, and
distance between blade elastic axis and center-of-
gravity axis.
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{2) Fourtn-ord:r proaucts involvirg elastic coordinates,
chordwise distances, fiep angle, lead angle, built-in
twist, and flap-lag hinge offset.

Flap angle and lead angle equations - second-order terms
involving products of elastic coordiiates, fuselage angular
velocities, fuselage accelerations, chordwise distances, and
built-in twist.

Section velccity equations:

(1) Second-order products of elastic coordinete:

(2) Third-order products involving the elastic coordinates,
chordvise distances, rlap angle, lead angle, built-in
tvist, and flsp-lag hinge offset as factors.

All equations - the spanwise compouent of acceleration due
to gravity.

11



UNSTEADY ATRFOIL DATA

DESCRIPTION OF ORIGINAL UAC DATA

_The oscillating airfoil data used in the present analysis were
cbtained in an experiment previously conducted at the United Aircraft
Research Laboratories (UARL) for the Sikorsky Aircraft Division (Reference
10). Portions of these data were used ir a previous analysis of incipient
stall flutter sponsored by USAAVLABS, and a complete description of the
test program will be found in Reference 2. A brief summary of the test
program is included herein to provide necessary background for subsequent
gsections of this report.

The test data were obtained from differential pressure transducers
mounted on a 2-ft-chord NACA 0012 model. The tests were conducted in the
two-dimensional channel of the UARL 8-ft main wind tunnel. Data were
obtained for most, but not all, combinations of the following parameter
values:

Amplitude of motion, a = 3k, 6, 8 deg

Mach number, M = 0.2, 0.3, 0.k

Mean angle of attack, ajy = O to 33 deg in 3-deg increments
Frequency, f = 0.0, 0.5, 1, 2, 4, 8, 12, 16 cps

The actual points for which data were taken can be found in Tables I, II,
and III of Reference 2, for M = 0.2, 0.3, and 0.4, respectively. It can be
seen from these tables that most of the test points were taken at the lower
Mach numbers and at the higher amplitudes. This fact influenced- certain
choices that were made in the course of the data analysis and which will be
deccribed in subsequent sections.

GENERALIZATION OF UAC UNSTEADY SINUSOIDAL DATA

Conversion of Data to @, A ,B Dependency

Earlier in this report, it was pointed out that it was necessary to
operate on data obtained from sinusoidal tests to provide a set of
coefficients applicable to operating conditions for a helicopter rotor
blade, vwhere several harmonics of motion are present. No definitive
analytical or experimental study has been conducted regarding the best
procedures for applying sinusoidal data under such conditions. Ip this
investigation, it has been hypothesized that the sinusoidal data can be
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generalized by converting them to functions of the instantaneous angle oY
attack @, angular velocity param« :r A, and angular accelsration peramet r
B for & given Mach nimber. A necessary (but not a sufficicut) conditio:
for the validity of this approach lies in the ability to characterize the
essential features of the sinusoidal data in terms of only these three
parameters. ¥hile such is the case ir potential flow, as shown below, the
ability to do so in nonpotential flow had not been completely proven. Even
assuning that the essential features of the sinusoidal data can, in fact,
be adequately expressed in terms of a,A, and B, it remains to be shown that
such a characterization will predict unsteady aerodynamic characteristics
in nonpotential flow for multi-harmonic motions. This can be demoustrated
only by correlation with experimental results. The theoretical background -
and the broad concepts of the data conversion technique used in the present
study are described below. A detalled discussion of the process used is
given in Appendix II.

Consider first the case of a linearized, potential; incompressibie

flow past an ailrfoll oscillating sinusoidally in pitch. The normal force
coefficient C, and the pitching moment coefficient Cy can be expressed in
terms of three cunstant coefficients which muitiply the angular displacement
a, the angular velocity a, and the angular acceleratiorn & (see p. 272 of
Refcerence 12). (The theoretical moment coefficient given beiow is resolved
about an exis at 0y, measured in semichords aft of the midchord of the blade
in accordance with accepted practice. The experimentally determined moment
coefficient, from Reference 10, is referred to later in the text as Cm, -)

2
ch= 27 C(k)a*+ % [l +2 C(k)(—%— = oo)]d"’— voo(—zﬂu-) P (&)

t=ow (o°+ ’|2) C (k) a*+ %& (-é- - oo)[@oi» «é—) Clk)- —é—] a*- T (—296)2(%+ o%)&“ (5)

In these equations the starred quantities are complex. However, following
tradition, the Theodorsen circulation function

C (k) = F(k)+ iG(k) (6)

will remain unstarred.
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The complex angle of attack a® may be. expressed as the sum of the mean
angle of attack @)y ard the instantaneous displacement from the mean ge'“
or

a* * ay +ae'v! (n

This expression implies that the Cp and Cm responses each consist of a
steady part dependent on the mean angular position, and an unsteady, time-
dependent part associated with the instantaneous displacement from the mean.
These steady-state force and moment expressions are not included in Egs.

(4) and (5) because the original expressions in Reference 12 were written
for displacements relative to the mean position. Hence, in making use of
these equations, one must be careful to include an additions! term in each
of them to account for the steady-state response. This is done later in
Appendix II1I.

Equation (7) has a real part given by

@ = Q-+ TCOSwt (8)

and the first two time derivatives of the real part can be written as

@ = -wasinwt =_+;w../62- (a-aM)z (9)

§ = —w2FCoswt = - w2(a-ay) (10)

The second form of each equation is obtained by eliminating the time
parameter through the use of elementary trigonometric identities. At this
point, it is convenient to define the dimensionless angular velocity
parameter A and the dimensionless angular acceleration parameter B, which
together with Eq. (8) make up the fundamental three-parameter set of the
present study,

1k




a = a, + dcoswt (11)

A__—-_-.Ez%zikﬁz—(a—a,‘F (12)
g8 = (-?CU-)Z&' : - e -ay) (13)

where k is the reduvced frequency for sinusoidal mction, defined by the
expression

- Lfw 1%
k = (1)

Conceptually, Egs. (4) and (5) can be expressed in real form as
functions of the angular displacement, anguiar velocity, and aneuiar
acceleration; hence, both €y and Cqycan be functionally written in terms of
the fundamental three-parameter set, a , 4,8, as

¢a = Calr, A, B) (15)

Cm = cm( Q. A, B) , (16)

The conversion of Egs. (4) and (5) to this functional form for potential
flow 1s a relatively straightforward task and is dene in Appendix ITII. 1In
the case of nonpotential flow (i.e., for incidence angles greater than the
stalling angle), the relationships are no longer linear, and the simple
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expressions of Appendix IIT are no longer valid. However, it is possible
to use the results of the experiment described in Reference 10 to tabulate
both Cr and Cm., as functions of these three parameters. It is the purpose
of this section and cf Appendix II to show how such a *abulation can be
constructed, and it is a further purpose of this repart to show how such a
tabulation can be used to predict stall flutter instabilities of helicopter
rotor blades.

As described in Appermdix II, the first task in converting the sinus-
oidal data to a generalized farm was to select an irterpolatior parameter.
The frequency f was found to be the most convenient parameter for this
purpose, and a series of cross plots was then prepared for Cm., versus f
for constant values of the remaining parameters. Specific values of the
fundacental three-parsmeter set,a, &4, 8, vwere then chosen for the coordi-

nate points of the final tabulation. The vaiues chosen were:

"
(=)
-

a 1, 2, 3,...5 26, 27 deg
a =0, ¥0.01, Z0.025, ¥*c.04
g8 = 0, ¥0.001, ¥o.004, 20.007, ¥0.01

Once theze values had been selected, the procedure described in Appendix II
wag followed, iu which data points were interpolated versus f, plotted
versus A, faired, cross-plotted versus B, faired again, cross-plotted versus
@, and faired once again. Selected points from these smoothed curves were
then checked asairst comparable points from the original sinusoidal loops,
and adjustments wvere made in the faired curves to reduce the error between
the original loops and the final faired data. The agreement between the
tvo 15 discussed in the following section.

Firally, these unsteady moment coefficient data vere tabulated and are
presented in Table IT. Further details of the tabulation wiil be found in
Appendix II. ‘The original table of unsteady normal force ccefficient, first
presented in Reference 10, has also been included in the present report as
Table I.

A fev selected plots of Cm_,, Versus a are shown in Figures 5, 6, and
7 for B= -0.01, 0, and 0.01, respectively, and the three curves in each
figure are for A = -0.025, O, and 0.025. Values of Cm,, for zero angle
of attack were obtained from the theoretical formula Adiscussed in Appendix
YII. In each of the Tigures presented here, a basic behavior or trend of
the curves can be seen (which is exhibited by the entire set of Cmy crar @
cross plots), but this trend is most clearly observed in Figure 5 for 8=
«0.01. The most striking thing sbout the dynamic moment response is the
delay in the occurrence of stall when the angular velocity is positive and
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the reversion to e stalled condition when the angular velocity 1s negative.
This is clearly seen in Figure 5 1in the curve for A = 0.025, vhich remains
level (and hence unstalled) beyond @= 2C deg and does not exhibit any
sharp decreases until a= 25 deg. These values of @ are considersbly
greater than the steady-state stalling angle of @= 13 deg (see the curve
for A = B = 0 in Figure §). The curve for A = O lies above the curve for
A = 0.025 when a is small and crosses te’ovw it wher a@ is large. Simflarly,
the curve for A = -0.025 lies above both the other curves for small a and
crossas below both curves for large @ . A similar behavior is observed in
Figure 6 for B = 0, although the marimum angle attained before the curve
departs from the horizontal (which may be regarded az the dynamic stall
angle) is smaller for each value of A than the comparable value attained
in Figure 5 for negative B.. Firally, Figure T, for positive B , shows the
same typical behavior, although the curves beyond dynamic stall are more
irregular than those shown in the previous two figures. Furthermcre, the

dynamic stall angle is again smalier for positive B than it was for either
Zzero B or negative B .

This graphical inversion of the order of the curves is responsible for
the loop crossovers (discussed in Reference 2 and in more detail in the
following section of this report), which contribute to the negative aero-
dynamic damping in stall flutter. To illusirate this behavior, refer to
Figure 8, vhich is identical to Figure T except that the right balves of
tvwo hypothetical moment loops have been superimposed on the curves, one for
the potential flovw regime at small a and one for the stalled flow regime at
large a. The right half of each loop has been chosen because this is the
portion for which the angular acceleration is nagative. Actually, a true
loop weculd have variations in B, ranging from zero at the mean angle of
attack to zaxjmum megative B at the maximum angle of attack. However, the

use of hypothetical loops in 2 constant B plot will be permissible for
illustrative purposes.

First consider the loop in the potential flow regime, limited in this
case to a< 8 deg, with numbered points 1, 2, and 3. At point 1, the
acceleration has just become negative during the positive A portion of the
motion. At point 2, the B parameter has reached its negative maximum value
and A is zero. At point 3, B is again approaching zero and A is negative.
Note that the portion of the loop shown here is elliptical and traverses
the Cm,, » @ plane in the counterclockwise direction. As shown in

Reference 2, this 1s a stable loop which produces positive aerodynamic
damping.
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Now consider the loop in the stalled r'low regime with numbered points
L, 5, and 6. The description from the previous paragraph concerning the
relative velues of A and B can be applied here with points 1, 2, and 3
replaced by points 4, 5, and 6, respectively. However, this time the
portion of the loop shown here crosses itself, and a portion of the loop is
traversed in the clockwise direction. As shown in Reference 2, this is a
destabilizing rortion of tise loop. Under some circumstances, this portion
can grovw at the expense of the stabilizing portion, and the result is a
seif-excited, single-degree-of-freedom stall flutter i. the pitching mode.
However, this phenomenon is usually self-limiting because enough positive
demping can be produced by a stable left half of the loop to balance the
negative damping of the right half of the loop.

Verification of Conversion Process

The usefulness of the Cm.,, tabulation hinges on its ability to pro-
udce the correct value of the unsteady moment coefficient ftor a variety of
motions typical of helicopter rotor blade displacements. A necessary (but
not sufficient) condition, then, is that the tabulated values must produce
reasonable facsimiles of the original sinusoidal loops. As part of the
cross-plotting and smoothing procedures described in the previous section,
a number of loops were reproduced from the tebulated data and were compared
with the sppropriate original loops. Satisfactory agreement tetween the
origingl and reconstructed loops was achieved, and the resuliz are shown in
Figures 9 through 13 for a variety of conditions.

In mc7t cases the agreement is moderately good; in a few cases it is
excellent, and in a few cases it is poor. However, it must be remembered
that each original loop represents only a single cycle of an oscillation
that exhibits a random, stali-induced characteristic superimpecsed on the
basic wave form. Since any individual reconstructed loop was produced by
an averaging process, 1t is not surprising that there are individual
departures from the original data. Indeed, it is encouraging to note that
there is #. overall agreement in the trends exhibited by these figures.

Tnis overall agreement is further amplified in the discussion of
integrated effects which follows below. First, however, it is instructive
to0 consider the individual comparisons. Figures 9 and 10 contain loops for
constant reduced frequencies of k = 0.112 and 0.225 ( f = 4 and 8 cps),
respectively, which are frequencies representative of the middle of the
original test range and are probably most representative of the helicopter
operating range. As stated above, the agreement is generally good, par-
ticularly at the lowest mean angles of attack, bul even vwhen tI: curve
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values do not match, the locations of the curve crossovers are in reason-
ably good agreement. These crossover points are of vital importance to

the stall fluttcr prediction because, as described in Reference 10, the
transition from a counterclockwise enclosure of the loop to a clockwise
enclosure represents the transition trem positive aerodyramic pitch damping
to negative aerodynamic pitch damping.

Figures 11, 12, and 13 contain loops for mean angles of attack of 15,
18, and 21 deg, respectively, and indicate the ability of the tabulaticn to
predict the effect of reduced frequencies. This is the angle of attack
region which is most susceptible to stall flutter, as discussed in
Reference 2. In these figures, the agreement between the reconstructed
loops and the originzl loops is generally good for reduced freguencies of
0.112, 0.225, and 0.338. The agreement is only fair at the lowest and
highest reduced frequencies, k = 0.056 and 0.450, but the directions and/or
crossovers of the loops are correct. It should be noled that in Figure 13,
for ay, = 21 deg, the reconstructed loops for the highest frequencies exhibit
flat regions in the vicinivy of a@= 27 deg. These flat spots occur because
one or more of the parameters a, A, or B have exceeded the tabular values
given in Table II, and the computer program has selected "corner values" in
these regions. The parameter values at which these corner values are
selected are generally outside the range of interest in helicopter applica-
tions, and these discrepancies are not believed to be important in their
effect on the stall flutter prediction.

As a final check on the overall agreement between the reconstructed
loops and the original data, the aerodyramic damping parameter Eaz was
calcuiated for the reconstructed loops. Use was made of Eq. (40) of
Reference 2, and the integrated damping for the reconstructed loops was
compared with the results published in Figures 1k and 15 of Reference 2 for
@ = 8 deg. This comparison is prese .ted in Figure 14. The results shown
here corrcborate the statement made earlier that the overall behavior of
the reconstructed loops is in good agreement with that of the original data.
In every panel of Figure 1k, except the panel for the highest mean angle
(ay = 27 deg), the agreement between the two sets of results is good. In
fact, a comparison of Figure 14 with Figures 14 2nd 15 of Reference 2 shows
that the disagreement between the damping for the original and the
reconstructed loops for the selected amplitude is generally less than the
experimental scatter of the data for all amplitudes shown in Reference 2.
(The faired curves of Reference 2, representing all amplitudes, are
included in Figure 14 for the convenience of the reader.) Furthermore, in
the last panel of Figure 1k, for ap = 27 deg, where a substantial disagree-
ment is observed, the damping for the reconstructed loops is in agreement
for low values of reduced frequency and is conservctively destabilizing for
large values of reduced frequency.
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Additionally, some comparisons of recorstructed normal force loops and
the original loops from Reference 10 are shown in Figures 15 and 16. These
figures show, respectively, the effect of varying mean angle of attack at
a typical value of reduced frequency and the effect of varying reduced
frequency at a typical mean angle of attack. As with the comparison of the
moment loops, the agreement is gencrally good, although individual loops
have local discrepancies. Ome significant aspect of the unsteady normal
force at. angles above the steady-state stall angle is the tendency to over-
shoot the steady-state maximum normal force by a considerable margin. These
figures show that the maximum value cf the unsteady normal force can be as
large as 2.2, whereas the maximum steady-state value at low Mach numbers is
approximately 1.2 to 1.3. This phenomenon is noted later in the text in
connecticn with observed delays in rotor lift stall.

SCALING OF UNSTEADY DATA

The unsteady aerodynamic characteristics of an NACA 0012 airfoil
executing forced, pure sinusoidsl pitching motion form the basis of this
stall flutter study. As originally plamned, experimental data describing
the two-dimensional normal force and pitching moment characteristics over a
vide subgcnic Mach number range were to be employed to provide an improved
analytical method capsble of predicting stall flutter. The unsteady airfoii
data wvere gvailable from two sources. One series of tests, conducted at
UARL a number of years ago, is described im Reference 2. In these tests,
most of the data were cbtained at Mach numbers less than 0.4 and at reduced
frequencies less than 0.45. More recent tests, conducted by Boeing under
USAAVLABS sponsorship, are documented in Reference 11. In the Boeing tests,
the Mach number range was extended to 0.6 and the reduced frequency range
was extended to 0-T2.

As described earlier, the application of unsteady data to rotor blade
operating conditions required that airfoil characteristics be expressed as
functions of four variables:; Mach number M, instantaneous angle of attack
a, angular velocity parameter A, and angular acceleratiun parameter B. In
processing the Boeing data, 1t was found that the test matrix employed by
Boeing was not sufficiently complete to permit conversion of the data
(through cross plots) to the required M ,a ,A,B form needed for this
study. (It should be stressed that the Boeing tests and the present study
vere not designed to be compatible, although agreement between comparsble
UAC and Boeing data points was generelly found to be reasonable, especially
when differences in steady-state stall angles were considered.)
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To satisfy the need for higher Mach number data in tie form required
by the present method, a Mach number scaling procesdure based or the steady-
state stall angle vas developed. In the absence of unsteady data at higher
Mach numbers, the steady-state normal force and pitching moment character-
istics of the NACA 0012 airfoil, normalized in terms of stall angle, were
used to evolve separate scaling laws for normal force and moment. These
steady-state scaling laws were then assumed to apply to the unsteady blade
characteristics as well. A discussion of this application and examples of
scaled loops are contained in the following sections.

Normal Force

First consider the steady-state normal force characteristics, as shown
in Figure 17 for 0.2 € M £ 0.7. These data were okbtained from 1ift and
drag data presented in Reference 18. For the purpose of this discussion, a
normal force "stall™ angle agn is defined as that angle at which the normal
force characteristic at any M initially departs from linearity. Also, a
dimensionless normal force stall angle parameter o, § defined as the ratio
of the angle of attack a to the normal force stall ani : ag,,

On = @/a4, (17)

When Figure 17 is examined, three significart variations with
increasing Mach number are clearly evident in the potential flow regime
(1.e., @ < agyvhere, as noted above, asp is the angle at which the normal
force curve initially departs from linearity). These variations are an
increase in normal force curve slope in the potentiai flow regime (a< agn ),
a reduction in the value of Cp at the stall angle @sn, and a reduction in
the normal force stall angle itself. By properly manipulating these three
factors, the higher Mach number curves can be derived, in the potential
flow regions, from a single incompressible normal force characteristics
curve. In particular, it can readily be shown that in the potential flow
region the steady-state normal force at any Mach number can be related to
the incompressible normal force by the expression

(c")cﬂ."'o (Cn sr&,gs)u (18)

(cn)c""' ] J1-m? (CneracL,ssiu=o
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This same expression was then assumed to apply in the unsteady situation.
Note that Eq. (18) can also be written in the following alternate form:

(c")%," ) (c,.)o_m ueo

(19)

(Crgrace,sshe ) (Crsrar,ss) Mo

This expression effectively states that at any Mach number, the ratio of
the normal force coefficient (steady or unsteady) to the steady-state normal
force coefficient at the stall angle ag, is equal to the ratio at M= 0,
provided both ratios are evaluated at the same value of o,.

As a first iimited test of the applicability of this scaling technique,
Eg. (18) was used in conjunction with the incompressible C, data of Table I
( A =B =0) to compute steady-state 1lift characteristics at several Mach
numbers. These were then compared with actual data given in Figure 17.
The comparisons are shown in Figure 18, vhere the values of ag, and
( Chigrace.ss ) used in scaling are also noted. Below as,, agreement between
measured and scaled results i1s excellent, as might be expected. The agree-
ment above agn 1s less faithful, but acceptable.

As a further check on the general accuracy of the scaling techniques,
several normal force hysteresis loops were generated for M= 0.4 and 0.6.
These were compared with experimental results fram Reference 11l. In
obtaining the scaled results, the lata of Table I were used in conjunction
vith Eq. (18) and values of ag, and ( Cngp, ., ¢ ) fOr the Boeing airfoil
(see Table III). Figure 19 compares loops for M = 0.4, ay~ 9.8 deg, and

@~ 4.8 deg. Experimental loops are shown as solid curves, while the
dashed curves represent loops constructed and scaled from the UAC incom-
pressible unsteady normal force data of Table I. Figure 20 gives similar
results for M = 0.6. Agreement between experimental and scaled loops is
seen to be reasonable for M= 0.4. However, at M= 0.6, the comparisons are
less favorable.

In applying the scaling techniques for the investigation reported
herein, the following computation procedure was required to make the
transition from the real blade conditions to the data tabulation and then
to scale the data back to the blade conditions.

1. Compute the following two-dimensional conditions at a rotor
blade section: a ,M,A,B

2. Compute the dimensionless stall angle parameter o, = a/Cgq
where agn corresponds to the blade section Mach number M
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3. Compute ‘he equivalent incompressible angie of attack
am:0 = %n (an)M=o

4. Enter the unsteady normal force tabulation with ay.q, A,
B, and extract the normal force coefficient f.:n)," Mo for
use in Eq. (18)

5. Compute a maximum normal force coefficient at stall
( CngraiL.ss )y thet corresponds to the blade section
Mach number M

6. Apply Eq. (18) to scale (Cnlg, M0 t0 the blade section
Mach number M

T. Result: (Cn)cmu

The normal force coefficient is then trigonometrically converted to
the 1ift coefficient at each spanwise station. An integration over the
blade span is performed o determine rotor blade loading, and the sequence
is repeated at each blade azimuth angle.

The scaling parameters used in applying this scaling technique to the
unsteady data in the blade response calculations presented herein are given
in Table IV. Note that for M= 0.2, the values of @gq and ( Cngy,, ., ) 8T€
different from those used in the calculation of the M = 0.2 curve of Figure
18. This results from the differences in steady-state normal force response
indicated between the M = 0.2 data from Reference 18 and the steady-state
results extracted from Table I for A= B = 0.

Pitching Moment

As in the case of the normal force, the scaling procedure used for the
pitching moment is based on the steady-state stall angle. Consider the
unpublished steady-state pitching moment characteristics, Figure 21, corre-
sponding to the 1ift and drag data of Refercnce 18. A pitching moment
"stall" angle agm is defined to be an angle near the point where the steady-
state moment at any M departs from zero. Also, a dimensionless pitching
moment stall angle parameter om is defined as the ratio of the angle of
attack a to the pitching moment stall angle agm. Unlike the normal force,
the pitching moment stall angle agy is not necessarily related to the
departure of the pitching moment fram linearity. Rather, it was initially
defined as that angle which, when used, permitted the steady-state pitching
moments for the higher Mach numbers (Figure 21) to be predicced with reason-
able accuracy from the incompressible pitching moment data (assumed to be
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the M = 0.2 data in Figure 21). Taktle IV lists the values of agmfound to
be acceptable on the basis of this criterion (see original agm column in
Table IV). The actual scaling procedure is one of operating on the
incampre:s,cible data with the following simple expression, which primarily
manipulates the location of the pitching moment breaskpoint:

(Cmf)c M30
(Cmg) gy = ity M0 (20)

Viom?

Figure 22 compares the values of steady-state moment coefficients calculated
using results from Table IV and Eq. (20). No comparison is shown for M =
0.2, as the agreement is exact for this Mach number. Up to M= 0.4, the
agreement between experimental and scaled curves is seen to be very good.

As might be expected from previously presented lift resuits, the agreement
is less favorable at M = 0.5 znd 0.6.

The scaling procedures were also applied to generate several unsteagdy
pitching moment hysteresis loops from the unsteady data of Teble II for
comparison with experimental loops from Reference 11 for M= 0.4 and 0.6.
Resulis are shown in Figures 23 and 24. In obtaining these results, the
values of @gm Were determined from the Boeing steady-state moment data
(Reference 11) and are given in Table III. The comparisons shown in
Figures 23 and 24 are generally not favorable, although in some instances
reasongble agreement in loop shepe and crossover points can be noted.

As wilh normal force, in applying the steady moment data of Tgble II
in the Blade Response Program, the computation procedure must firs%
transform from the real blade conditions to the M = 0 data tabulation and
then scale back to real blade conditions. A description of this sequence
follows:

1. Compute the following two-dimensional conditions at a rotor
blade section: a,M,A,B

2. Compute the dimensionless stall angle parameter op = a/aq,
vhere agm corresponds to the blade section Mach number M

(see Table IV)

3. Compute the equivalent incompressiblz angle of attack

Cm:0 = “m{%smluso
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L. Enter the pitching moment tabulation (Teble II) with ay.q ,A,
B, and extract an incompressiile moment coefficlent (C"‘cu)c ™0

vhich appears in Egq. (20) l

5. Apply Eq. (20) to scale (Cm,), M:0 to the blade sect on
Mach number "

6. Result: (Cmcu)a-m M

This sequence is repeated for adjacert blade sections and for each blade
azimuth angle. :

Following the initiation of this investigation, additional data on the
effect of compressibility on aerodynamic damping in pitch (equivaiently,
Cme,e) Vere published ir Reference 19. These data are presented as the
dashed curves in Figure 25, where the boundaries encompassing the negutive
damping region are shown as functions of section angle of attack and Mach
curber. The solid curves in the left-hand panel of Figure 25 represent the
equivalent boundary defined by the scaling procedure using Cm.,, data from
Teble IT and the ariginal values of agm from Table IV. In an attempt to
improve the agreement between scaled results and Reference 19 results, a
revised agm tabulation was generated (see Teble IV) and used to produce
the camparison shown in the right-hand panel of Figure 25. These revised
results became available in time for use by the Sikorsky Division in their
correlation studies. Bowever, alil parametric and sensitivity study results
presented in this report are tased on the original asm tabulation given in
Table IV.
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EXPLORATORY STALL FLUTTER STUDIES

This section of the report describes the results of exploratory
calculations made to assess the effect of several blade design and flight
condition parameters on the susceptibility of rotor blades to stall
flutter. Presente. are {1) a description of the blade designs and flight
conditions selected for investigation, (2) results of a study conducted
for a reference blade design to establish the sensitivity of the predicted
torsional response (and associated root . tching moment) to certain
parameters in the general aerodynamic moael used, and (3) results showing
how the stall flutter characteristics of the reference design are affected
by changes in certain design pararaters.

BLADE DESIGNS AiD FLI ITIONS

The parameters expected to be pertinent to the stall flutter problem
of rotor blades are listed below:

1. Roter 1ift, C /o

2. Rotor advance ratio, u

3. Rotor propulsive force, Cpg/o
b, Dlade twist rate, §

S. Blade airfoil section

6. Blade elastic axis location

T. Blade torsional stiffness (or, equivalently, torsional frequency
ratio, Gbl)

8. Blade center-of-gravity axis location (cg).

Items ) through 4 principally influence the extent to which the steady-
state stall angles of attack will be exceeded over the rotor disc for a
given flight condition. Ttems S5 and 6 affect the unsteady aerodynamic
hysteresis characteristics of the blade as it oscillates above and below
the steady-state stall angle, while Items 7 and 8 contribute to the
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